Poly((R)-3-hydroxybutyrate) (PHB) and poly(L-lactic acid) (PLLA) are well-studied aliphatic biodegradable polymers. PHB synthesized by bacteria is a biodegradable thermoplastic. [1] [2] [3] [4] [5] [6] [7] PHB has received much attention as a environmentally friendly material because of its thermoplasticity coupled with its biodegradability. However, it has been recognized that PHB is often too rigid and stiff for many applications because of the perfectly isotactic structure consisting exclusively of the R configuration. PLLA produced from renewable resources, such as starch, also is a biodegradable and biocompatible thermoplastic. [7] [8] [9] [10] [11] PLLA has already been used in various applications, especially in the medical field, because of its superior biocompatibility. The crystalline structures of PHB and PLLA have been established as orthorhombic systems by means of wide angle X-ray diffraction (WAXD).
PHB has received much attention as a environmentally friendly material because of its thermoplasticity coupled with its biodegradability. However, it has been recognized that PHB is often too rigid and stiff for many applications because of the perfectly isotactic structure consisting exclusively of the R configuration. PLLA produced from renewable resources, such as starch, also is a biodegradable and biocompatible thermoplastic. [7] [8] [9] [10] [11] PLLA has already been used in various applications, especially in the medical field, because of its superior biocompatibility. The crystalline structures of PHB and PLLA have been established as orthorhombic systems by means of wide angle X-ray diffraction (WAXD). [12] [13] [14] [15] [16] The thermal behavior of PHB and PLLA have also been investigated by infrared (IR) spectroscopy, differential scanning calorimetry (DSC), and WAXD. [17] [18] [19] [20] [21] [22] The physical and mechanical properties of PHB and PLLA are not always suitable for practical applications. Several modifications have been proposed to improve their processing and mechanical properties, such as copolymerization and blending with other biodegradable polymers. Compared to copolymerization methods, physical blending is an easier and faster way to manipulate the desired properties of polymeric materials. Several studies of the miscibility and morphology for PHB/PLLA blends have been published. [23] [24] [25] [26] [27] [28] [29] [30] In our previous studies, the miscibility and dispersibility of PHB/PLLA blends were revealed by IR and Raman microspectroscopy. 29, 30 These studies showed that the PHB component is always crystallized in the blends irrespective of the blend ratio, and that both components are mixed in the nonspherulite parts. However, these studies were carried out in only some localized spots of samples with different morphology by using polarized light microscopy. Thus, the blends were not analyzed in much wider areas encompassing the entire composite material.
Near infrared (NIR) spectroscopy is widely used as a tool for materials characterization. [31] [32] [33] [34] In the NIR region (800 -2500 nm), the overtone and combination bands of the C-H, O-H, and N-H stretching and deformation vibrational modes provide highly specific molecular information for species identification. Sample preparation and handling are relatively straightforward for NIR spectroscopy. Multivariate data analysis has also accelerated the application of NIR spectroscopy. [35] [36] [37] [38] Therefore, NIR spectroscopy has often been adopted as a useful probe in studying polymers. For example, the isothermal crystallization kinetics of PHB was investigated by NIR spectroscopy. 39 An NIR on-line monitoring system has proven to be useful in the quantitative analysis of the molten polyolefin polymers [40] [41] [42] [43] and in the tracking of the transesterification reaction of molten ethylene vinyl acetate (EVA) copolymers. 44, 45 range of spatial resolutions; 3) a method that provides distribution information for chemical components in the sample; 4) a solution to some of the limitations of standard instrumental analyses, e.g., spatial information is obtained nondestructively; and 5) a technique that can be used for high throughput chemical analysis (parallel spectroscopic assessment). It is possible to combine NIR spectroscopic information with direct imaging of the spatial distribution of components that make up the blend. In combination with multivariate data analysis, NIRCI provides localized chemical make up of the blend components, as well as the predictions of the blend compositions.
The unique capability of NIRCI to provide both qualitative and quantitative analysis of localized and space-averaged chemical compositions is especially attractive. For example, NIRCI techniques are already used in pharmaceutical applications to reveal the extent of ingredient blending, particle size distribution, the presence of polymorphs, and trace contaminants. To our knowledge, surprisingly little study has yet been carried out on the evaluation of polymer blends by using NIRCI. In the present study, four kinds of PHB/PLLA blends with the PLLA content ranging from 20 to 80 wt% have been investigated by using NIRCI to elucidate the blend quality of PHB/PLLA blends. This study highlights the potential of NIRCI for qualitative and quantitative nondestructive evaluation of blend homogeneity.
Experimental

Preparation of blends
The chemical structures of PHB and PLLA are shown in Fig.  1 . PHB (Mw = 600000 g mol -1 , Mw/Mn = 2.2) and PLLA (Mw = 150000 g mol -1 , Mw/Mn = 1.8) were obtained, respectively, from the Procter & Gamble Company and Shimadzu Corporation (LACTY5000). Blends of PHB and PLLA were prepared by dissolving each component together in hot chloroform. PHB/PLLA blend films were cast on an aluminum dish from ca. 1 wt% chloroform solutions. The concentration of the 40/60 blend solution was slightly higher than those of other blend solutions because of the evaporation of the chloroform solvent. Therefore, when the cast films were prepared, the evaporation speeds of the chloroform from the films were different. To evaporate the solvent completely, we kept the films at 60˚C in a vacuum-dried oven for 12 h and then cooled them down to room temperature. Blending ratios were 80/20, 60/40, 40/60, and 20/80 by weight.
Near infrared chemical imaging (NIRCI)
The Malvern Instruments Ltd. Sapphire Chemical Imaging system consists of a liquid crystal tunable filter, a 320 × 256 pixel indium antimony (InSb) focal plane array detection system.
The system includes an appropriate optics to preferentially capture diffusely reflected light from each specimen, while minimizing background specular reflection off of the polished mounting plate. Four tungsten source lamps illuminate the imaging target field. The NIRCI data of the diffuse reflection spectra were collected at 10 μm intervals in the 1200 -2400 nm region. The spacial resolution of NIRCI data is 10 μm/pixel, so the field of view was 3.2 × 2.5 mm. Image acquisition time is approximately 3 min.
Data manipulation
ISys Chemical Imaging Software that was provided by Malvern Instruments Ltd. enables the simultaneous manipulation of spectra of 81920 pixels from a single field of view. The second derivative spectra were calculated from the original NIRCI data before proceeding with further data analyses. The concentration of the blend components were estimated by using the partial least square regression (PLSR) technique. No concentration standards are required for this experiment, as the pure component spectra are all known. Each pure component spectrum from a chemical constituent is defined as a distinct class in the spectral library. All values are derived directly from the NIRCI data of the blends. The resulting PLSR model produces a classification score that varies between 0 and 1. Figures 2A and 2B show, respectively, the raw NIR spectra and second derivative spectra of neat PHB and PLLA in the 1200 -2400 nm region. The bands due to the combination and first overtone bands of the CH stretching vibrations and that of 872 ANALYTICAL SCIENCES JULY 2007, VOL. 23 the second overtone of the C=O stretching vibration appeared in both PHB and PLLA spectra. Assignments of NIR bands of PHB and PLLA are listed in Table 1 . Although the only difference in the chemical structure of PHB and PLLA is the number of carbon atoms in the main chain, the intensities of some bands substantially differ from each other. The spectral differences between PHB and PLLA are more clearly seen in the second derivative spectra. However, the bands of PHB and PLLA are still somewhat overlapped, even in the second derivative spectra. Thus, it is difficult to perform the evaluation of the distribution and prediction for the blend components by simply using the intensity at a fixed wavelength. Consequently, multivariate analysis is adopted for NIRCI data.
Results and Discussion
NIR spectra of neat PHB and PLLA
Evaluation of homogeneity using statistical analysis NIRCI nondestructively generates a very large number (81920) of spatially resolved NIR spectra in a few minutes. The spectral data can be decomposed into a set of a small number of classification scores by PLSR. The scores of PLSR are including the information of both the spectral variable and the response variable (the blending ratio). Therefore, we can obtain the PLSR results having the correlation of both variables. Figures 3A -3D show the score images derived from PHB component class. In the score images, the pixels with higher and lower score values are indicated by white and dark colors, respectively. The color in the most region of the score images 873 ANALYTICAL SCIENCES JULY 2007, VOL. 23 is gray, the intermediate color between white and dark colors. On the other hand, the score images associated with PLLA component classes are also gray in the large parts of the score images, although the colors of white and black are indicated inversely in the score images between PHB and PLLA components. The predominantly gray score images indicate that the blends are relatively homogeneous. However, it is hard to discuss the quantitative degree of the homogeneity of these score images.
A histogram for the distribution of intensities (score values) in the score image, which includes some statistical information, is a powerful evaluation tool. A well-mixed blend sample shows a normal distribution. Standard deviation (STD) is one of the useful parameters indicating the overall sample homogeneity and heterogeneity. The more heterogeneous the chemical distribution is, the larger the STD becomes. The STD is often more important in the analysis of a relatively homogeneous sample, instead of an obviously heterogeneous sample, as an indicator of subtle differences in the sample heterogeneity. Figures 4A and 4B , respectively, are the histograms of the score images for PHB and PLLA components in the blends. The STD values of the histogram are summarized in Table 2 . As can be seen in Figs. 4A and 4B and in Table 2 , these histograms show the near normal distribution except for the 40/60 blend. The chloroform solution of the 40/60 blend had a higher concentration than those of other blends, so the evaporation rate of the chloroform solvent from the cast film might have been different from that from other blends. Thus, the homogeneity of the 40/60 blend may also differ from those of other blends.
The histograms of all the blends show relatively small STD values. Our previous microspectroscopic studies showed the 20/80 blend is the most homogeneous one among all the blends. 29, 30 As expected, the STD of the 20/80 blend shows an especially small value for both components classified to PHB and PLLA, respectively. Thus, it was shown that the score images and their histograms for PHB and PLLA classes together provide the complementary qualitative and quantitative results, indicating that the PHB/PLLA blends studied have a high degree of homogeneity. Since the samples were prepared from cast films, the domains for each blend component are dispersed as smaller crystallized or amorphous particles. The interfacial energy between PHB and PLLA may be so small that they make extremely fine dispersions within each other.
Prediction of the blend components in the blends
Further quantitative results can be obtained from PLSR analysis. ISys software allows one to define groups or classes of spectra to be used in a reference library, and one can perform PLSR calculations in both classification and concentration modes. In the case of the classification mode, each library class is assumed to be pure component spectra from one chemical component and is automatically assigned a concentration of 1.0. The resulting PLSR model produces a classification "score" that (optimally) varies between 0 and 1. On the other hand, the concentration mode requires the spectra with various concentrations of the blending components. No calibration data sets are needed for the prediction in NIRCI data analysis, if the NIR data of the neat components are available for the quantitative analysis in classification mode. The predicted values of the spatially averaged contents of PHB and PLLA in the blends derived from PLSR that create the score images shown in Figs. 3A -3D are summarized in Table 3 . These predicted values are surprisingly close to those of the actual polymer contents. The small errors of the prediction are explained by the homogeneity of blends indicated by the STD values summarized in Table 2 
Conclusion
In this study, the blend homogeneity of PHB/PLLA blends was investigated by using NIRCI combined with multivariate data analysis. The following conclusions can be reached from the present study. The homogeneities of PHB/PLLA blends are revealed by both qualitative and quantitative analysis. The score images directly depict the spatial distribution of blend components. The histograms of the intensities in the score images show the statistical measure of the blend homogeneity. The small STD values obtained from the histograms indicate that highly homogeneous blends are created by mixing PHB and PLLA. The concentration of the chloroform solution preparing the cast film was low, so the blend components were well dispersed in the chloroform solution. Because of that, the blend components were homogeneous in the cast films. The predicted concentrations of the blend components averaged over the space are close to the actual contents. The STD values indicating the breadth of spatial concentration distribution are not so large for any of the samples studied, so the prediction for the overall blend components can be performed with high precision.
